The RLS trade-off of EUV resists has been a major technical issue for high-volume manufacturing using EUVL. Significant attempts to develop of chemically-amplified resists, metal-containing resists, and a variety of other material classes have been made to obtain low LER at high resolution (R) and at a reasonable sensitivity (S). Previously, we have developed and reported work on silanol-containing polyhydrogensilsesquioxane resins and their use as negative tone resists. The developed silanol-containing polymer resists have demonstrated enhanced EUV sensitivity compared to traditional hydrogen silsesquioxane resins, and at the same time maintaining excellent etch properties. The resist may enable a bilayer stack technology in EUVL. Herein we report novel functionalized polyhydrogensilsesquioxane polymers and their use as negative tone resists. These materials exhibit improved LER/LWR and reasonably good EUV sensitivity. In best cases, data suggests no residues or bridging in the non-exposed areas. The optimized resist exhibits sub-20nm halfpitch resolution, low LER (2-3nm), and reasonable sensitivity (82.5 mJ/cm 2 ). In addition, we also investigated the effect of three organic underlayers for EUV patterning and compared with the silicon substrate.
INTRODUCTION
Moore's law has been the paradigm of semiconductor industry for several decades. It indicates that the number of transistors in integrated circuits should double about every two years. This has been achieved by improving material properties and shortening the wavelength of the light used in the exposure step during lithographic patterning. Following this trend, extreme ultraviolet lithography (EUVL) has been considered the most promising method with the aim of achieving sub-20nm half-pitch (HP) resolution using a 13.5nm wavelength of emitted light. [1] [2] [3] The light source and its operation for high volume EUVL has been successfully solved by reaching the target of 250 W and ˃85% source availability. 3 One of the main remaining challenges for successful EUVL adaptation and improvement is development resists that can solve the well-known RLS trade-off between resist resolution (R), line-edge roughness (LER), and sensitivity (S). 4 To enable the implementation of EUV lithography for high-volume manufacturing, EUVL requires high-performance photoresists with high sensitivity (<50mJ/cm 2 ) and low line width roughness (LWR) of below 20%. 5 Three main resists types that have received most attention in recent years are chemically amplified resists (CAR), metalcontaining resists, and molecular resists. 1, 6 CAR resists have demonstrated good sensitivity but their low resolution and high LWR may be considered drawbacks. The limitations with respect to LWR are mainly due to the stochastic effect of photoacids and photon shot noise. 7 Potential other drawbacks of CAR may be pattern collapse and a low etch selectivity.
Metal-containing resist have received significant attention in recent studies. 5 They have shown several advantages, such as high EUV sensitivity and due to their inorganic content a possibility for stack simplification. The high EUV sensitivity is mostly due to a higher atomic absorption at EUV wavelength compared to other materials. 8 While metal-containing resists have several advantages, some concerns may arise from impurities and metallic contamination of critical layers. 3 Hydrogensilsesquioxane (HSQ) has been utilized widely as negative electron-beam resist. However, it possesses low sensitivity (˃600 mJ/cm 2 ) and may require development with highly concentrated developers such as 25% tetramethylammonium hydroxide (TMAH). Besides, HSQ is known to be relatively unstable during storage and processing, and thus limiting its industrial uses. 9 In our previous work, we reported silanol-containing hydrogen silsesquioxane-based polymers and used these as EUV negative tone resists. 6 The silanol-containing resists exhibited low LER of ̴ 2 nm, reasonable sensitivity, and good etch properties. In this paper, we study the behavior of functionalized polyhydrogensilsesquioxane polymers that have different functional groups incorporated in the resin microstructure. These functional groups play a significant role in facilitating the solubility switch by improving reactions in the exposed areas or alternatively facilitate the removal of non-exposed areas during development. The incorporation of different functionalities into the microstructure resulted in sensitivity improvement or LER/LWR and resolution enhancement that have been confirmed by EUVL and e-beam. 
METHODOLOGY

Preparation of Materials
The materials discussed in this report are described in Table 1 . Different functional groups (A, B, C) were incorporated into the reference polymer (PRE 102) structure via copolymerization. In this way, PRE 102A, PRE 102B, and PRE 102C, were obtained, respectively. All polymers were prepared via controlled hydrolysis and condensation of organosilane monomers in suitable solvents, followed by purification steps using a rotary evaporator. All monomers and solvents were distilled prior to use. The obtained materials were then formulated by dilution using PGMEA to achieve desired film thickness. The formulations were finally filtered with a 0.2µm PTFE filter prior to spin coating.
In addition, the effect of three organic underlayers were evaluated to determine the underlayer effect to the polyhydrogensilsesquioxane patterning. Table 1 . Summary of negative tone resists and underlayers used.
The structure of synthesized polymers is shown in Figure 2 . Functional groups A, B, and C were incorporated in the polymer microstructure through controlled hydrolysis and condensation reactions. In all cases, 10mol-% or less of the functional precursor was used. Functional groups A and B are used to enhance resin reactivity under EUV exposure. Group C enhances polymer solubility in the developer. 
Film Characterization and Patterning
EUV lithography was carried out using a XIL-II EUV tool at Paul Scherrer Institute, Villigen, Switzerland. Process steps used in the in EUV lithography evaluation are summarized in Table 2 . All resists materials tested exhibited a post coating delay for at least 24h. During 24h of storage the coatings perform similarly. In addition, the aging study has been carried out to evaluate the stability of resist solutions. The molecular weight data obtained by GPC analysis confirms the stability of developed resists at -18 °C and 4 °C for at least two months and at 23 °C for at least seven days.
Scanning electron micrographs were obtained via Zeiss Supra VP55 high resolution field emission scanning electron microscope for e-beam samples, and Hitachi CD SEM was used for EUV samples. E-beam lithography was carried out on a Vistec EPBG5000pES tool. The e-beam doses were varied from 100 to 1200 µC/cm 2 at 100 kV and current of 0.5 -1 nA. The development steps were carried out similarly as described above for the EUV lithography.
For patterning of PRE 102 reference resist on an organic underlayer: SOC was spin coated on silicon wafer at 1500 rpm for 20 seconds. The obtained coating was baked at 150 °C for 1 min and 400 °C for 2 minutes. 
RESULTS AND DISCUSSION
EUV sensitivity improvement with PRE 102A resist
The addition of functional group A into the polyhydrogensilsesquioxane (PRE 102A) microstructure significantly improved the sensitivity of the resist material as shown in Figure 3 . The effect was observed both in EUVL and e-beam tests when compared to a reference which did not contain the reactive group. As demonstrated herein, incorporating 10 mol-% or less of functional group A into the polymer has increased sensitivity significantly (89%) in EUV exposure. Similar effects were seen when material was patterned using e-beam direct exposure -i.e. the dose needed for patterning of the resist decreased significantly (Figure 3) . The decrease in required dose to pattern the material, effectively means that the functional group provides an additional pathway for crosslinking and thus a lower dose is required.
On the other hand, a reactive group, such as group A, may enhance the resist reactivity too much. Based on our observations, this is in fact observed in EUV exposures. The residue in non-exposed areas were significant in EUVL even with very low EUV doses (7.2mJ/cm 2 ). The same was not seen for the e-beam exposures which suggests that the targeted line width also has an impact on the patterning result. In EUVL experiments the targeted half pitch was 22nm, while in ebeam tests it was 50nm. An increase in the concentration of functional group A in the microstructure lead to similar challenges where the non-exposed areas contained significant amount of unresolved polymer. Figure 3 . EUV performance of PRE 102A with functional group A, demonstrating significantly improved sensitivity compared with the reference sample, which did not contain the functional group.
LER/LWR improvement with PRE 102B resist
Both e-beam and EUV lithography was carried out for PRE 102B to understand the effect of the functional group B in a polyhydrogensilsesquioxane (figure 4). We expected functional group B to behave in a similar way as functional group A. Based on initial e-beam tests, it appeared that a dose decrease could be obtained when patterning 50nm L/S patterns with e-beam. However, the dose decrease (100µC/cm 2 ) with functional group B was not equally substantial as seen with functional group A (400µC/cm 2 ). The amount of functional group B in experiments was same as for group A, 10 mol-% or less.
The dose required for patterning using a polyhydrogensilsesquioxane containing a functional group B in EUV exposures was slightly higher (82.5mJ/cm 2 ) than for the reference material (77.5mJ/cm underexposed compared to the reference material when patterning 22nm half pitch L/S structures. Thus, the dose decrease seen in e-beam experiments could not be duplicated in EUVL. The reason for this is not fully understood. On the other hand, we found to our surprise that the use of functional group B improved the contrast of the polyhydrogensilsesquioxane resist. This is seen as a clear decrease in residues and bridging of the non-exposed areas. The improved contrast also contributed to a clear LER improvement. With the use of functional group B the LWR (3σ) improved from 3.9nm to 2.8nm. Figure 4 . EUV performance of PRE 102B with 5% and 10% in mole of functional B, demonstrating significantly improved LER and overcoming the bridging/scumming issue as seen clearly in the PRE 102 reference.
LER/LWR improvement with PRE 102C resist
Functional group C used in the resin microstructure is different compared to A and B. Functional group C improves the resist solubility to the developer and hence could improve the contrast of the resist pattern. In fact, this was observed and incorporation a functional C in the polymer structure resulted in an improvement in LER/LWR. The improvement was similar as seen for functional group B, i.e. the LWR decreased to 2.8nm ( Figure 5 ). While LWR improved the dose needed to achieve patterns increased. At a dose of 82.5mJ/cm 2 the 22nm half pitch lines were still under exposed. 
Processing windows comparisons
In patterning tests, we found out that the reference material exhibited a process window which was relatively narrow. The reference material showed reasonable results (LWR, dose) when underexposed. However, when doses used to meet printed lines that matched the mask dimensions, significant residues and bridging of lines appeared. Thus, an improvement in the process window would be of significant interest. Exposure trials for resists with functional groups B and C appear to also improve the process window. Polyhydrogensilsesquioxanes containing functional groups B or C did not exhibit residues or bridging at optimal dose or slight overexposure. Figure 6 . Processing windows comparing EUV patterning performance of PRE 102D, PRE 102B, and PRE 102 reference, demonstrating wider processing windows for PRE 102B and PRE 102D.
Underlayer effect on EUV patterning performances
Underlayer used may have significant effect on the patterning outcome of a polyhydrogensilsesquioxane, and was a subject of a brief investigation. We studied the effect of three organic underlayers on the performance of the PRE 102 reference in EUVL, and compared with result on silicon substrate. A 22-nm line pattern was used in all cases. SEM images and calculated data ( Figure 7) show that the underlayer may have a profound effect on the patterning result. Results using underlayer 1 and 3 suggests that with a proper choice of underlayer, one can actually improve the results. Exposure trials on underlayer 1 and 3 show less residues and bridging of lines compared to the silicon reference. A slightly higher dose was needed when the exposure was carried on an organic underlayer compared to silicon. On the other hand, exposure on underlayer 2 yielded worse results. This suggests that the functional groups in the underlayer will have a significant effect to the patterning process and also adhesion of the resist to the substrate. The effect of each functional group present in the underlayer is not fully understood and is presently being investigated further.
